Accumulation of abnormally hyperphosphorylated tau (P-tau) in the form of tangles of paired helical filaments and͞or straight filaments is one of the hallmarks of Alzheimer's disease (AD) and other tauopathies. P-tau is also found unpolymerized in AD. Although the cognitive decline is known to correlate with the degree of neurofibrillary pathology, whether the formation of filaments or the preceding abnormal hyperphosphorylation of tau is the inhibitory entity that leads to neurodegeneration has been elusive. We have previously shown that cytosolic abnormaly hyperphosphorylated tau in AD brain (AD P-tau) sequesters normal tau (N-tau), microtubule-associated protein (MAP) 1, and MAP2, which results in the inhibition of microtubule assembly and disruption of microtubules. Here, we show that polymerization of AD P-tau into filaments inhibits its ability to bind N-tau and as well as the ability to inhibit the assembly of tubulin into microtubules in vitro and in the regenerating microtubule system from cultured cells. Like AD P-tau, the in vitro abnormally hyperphosphorylated recombinant brain N-tau binds N-tau and loses this binding activity on polymerization into filaments. Dissociation of the hyperphosphorylated N-tau filaments by ultrasonication restores its ability to bind N-tau. These findings suggest that the nonfibrillized P-tau is most likely the responsible entity for the disruption of microtubules in neurons in AD. The efforts in finding a therapeutic intervention for tau-induced neurodegeneration need to be directed either to prevent the abnormal hyperphosphorylation of this protein or to neutralize its binding to normal MAPs, rather than to prevent its aggregation into filaments.
abnormal hyperphosphorylation of tau ͉ microtubule assembly ͉ microtubule-associated proteins ͉ neurofibrillary degeneration ͉ paired helical filaments A common feature of the dementia disorders that are known as tauopathies [which include Alzheimer's disease (AD) 1 and frontotemporal dementia with Parkinsonism-linked to chromosome 17 ] is the accumulation in the brain neurons of abnormally hyperphosphorylated tau (P-tau), mostly polymerized into tangles of paired helical filaments (PHFs) and/or straight filaments (SF) (1) . Besides hyperphosphorylation, tau in PHF͞SF has been shown to be glycated (2) , truncated (3) , and immunoreactive with an Ab to a stable 4-hydroxy-2-nonenal (HNE)-lysine adduct (4) . The number of neurofibrillary tangles is known to correlate directly with the degree of dementia in AD patients (5) (6) (7) . Also, the recent discovery of the cosegregation of specific mutations in the tau gene with disease in some pedigrees of FTDP-17 has confirmed that the tau pathology can be a primary cause of neurodegeneration and dementia (8) (9) (10) . Up to 40% of the abnormally hyperphosphorylated tau in AD brain (AD P-tau) is in the cytosol (11) (12) (13) . Understanding whether this AD P-tau or its polymer, PHF͞SF, initiates the neurodegeneration is critical for developing a rational therapeutic treatment of AD and related tauopathies.
The AD P-tau sequesters normal tau (N-tau), microtubuleassociated protein (MAP) 1, and MAP2, and it disassembles microtubules and self-assembles into PHFs (14) (15) (16) (17) . The binding between AD P-tau and MAPs seemed to be of hydrophobic nature because it is stimulated at 200 mM NaCl and inhibited at 2 M NaCl; also, it is completely inhibited by Ϸ0.5% Triton X-100 (15, 18) . AD P-tau can sequester the six isoforms of tau with different affinity; fetal tau binds the least of the six isoforms (19) . AD P-tau is able to destroy the microtubules formed with all of the tau isoforms (19) . Recombinant human brain tau on in vitro phosphorylation to a stoichiometry of 4-6 mol sequesters N-tau and disassembles microtubules. On further hyperphosphorylation to Ϸ10 mol of phosphate per 1 mol of protein, tau self-assembles into bundles of PHF͞SF (17, 20) . Dephosphorylation of AD P-tau as well as PHF converts them into normal-like protein, which promotes assembly and stabilizes microtubules (14, 21, 22) . The FTDP-17 mutated taus behave as more favorable substrates than N-tau for hyperphosphorylation by brain protein kinases and self-assemble into tangles of PHF͞SF (20) . Because of the presence of P-tau in different aggregation states, it was not known whether the toxic entity was the misfolded modified protein, the oligomer, or the filaments.
In this article, we describe that, upon in vitro polymerization into PHF͞SF, AD P-tau and in vitro abnormally hyperphosphorylated recombinant human brain tau 441 lose their inhibitory behavior and become inert. Also, PHFs isolated from AD brains behave as inert in their interaction with tubulin and microtubules and do not bind N-tau, and, when added to tubulin and N-tau, they do not inhibit microtubule assembly. Similar results were obtained when using a regenerating microtubule system from cultured cells. These findings suggest that AD P-tau from the cytosol is the entity in the neurons that is responsible for the microtubule disruption and that a therapeutic intervention for tau-induced neurodegeneration that can inhibit tau hyperphosphorylation or neutralize its binding to normal MAPs is the most promising. data to normalize the values determined from the first two strips. The quality of the AD P-tau, a representative PHF preparation, and the N-tau that we used is shown in Fig. 1A . To verify the specificity of the binding, two strips were spotted with N-tau, overlaid with BSA, or overlaid with N-tau. After binding of N-tau, washing, and fixing as described, the bound tau was detected by using Tau-1 Ab, which recognizes normal but not P-tau from AD brain (compare Fig. 1 A, AD P-tau and PHF without and with alkaline phosphatase treatment). The strip overlaid with BSA was negative with Tau-1 (Fig. 1B ) because both AD P-tau and PHF are phosphorylated at Tau-1 epitope. The strips spotted with N-tau had the same immunoreactivity whether overlaid with BSA or with N-tau (Fig. 1B) , showing that N-tau is unable to bind N-tau. The quantitations of the binding are shown in Fig. 1C . AD P-tau was able to bind N-tau, whereas PHF did not bind detectable levels of N-tau, suggesting that polymerized P-tau does not sequester N-tau.
We have proposed (14, 15) that AD P-tau inhibits microtubule assembly through sequestration of N-tau. We postulated that PHF, which is unable to bind N-tau, and self-assembled AD P-tau will not inhibit tau-promoted microtubule assembly. To test this hypothesis, we investigated the effect of AD P-tau or PHF on microtubule assembly. Tubulin (2 mg͞ml) was mixed with N-tau in the absence or presence of AD P-tau (soluble or previously incubated to induce AD P-tau self-assembly into filaments) or PHF. The addition of AD P-tau but not PHF or self-assembled AD P-tau inhibited taupromoted microtubule assembly (Fig. 2, compare curves 1-4) . 
and 4-g aliquots of AD P-tau and PHF were subjected to SDS͞PAGE, transferred to poly(vinylidene difluoride) membrane, and immunodetected with Tau-1 Ab. One strip was stained with Coomassie blue (Cb). Before immunostaining, the blots were treated with (ϩ) or without (Ϫ) alkaline phosphatase (AP, 100 units͞ml) for 3 h at 35°C. (B) Increasing concentrations of AD P-tau and duplicates of three different preparations of PHF, and as a control N-tau (10 -100 g tau content), were spotted on nitrocellulose membrane and overlaid with 5 g͞ml 4L or with BSA and developed with Tau-1 Ab. To verify that the proteins bound to the membrane, one strip without any overlay was developed with a mixture of three phospho-independent polyclonal Abs to total tau. (C) Quantitations of the tau bound to AD P-tau (■) and to PHF (OE). (D) N-tau was hyperphosphorylated in vitro, as described in ref. 19 ; one aliquot was probe-sonicated for 1 min to disrupt the tau filaments formed during the incubation period (19) . The sonicated sample was centrifuged at 55,000 ϫ g for 20 min, and the pellet was discarded. The nonsonicated and the supernatant of the sonicated samples were dotted in triplicates on three nitrocellulose membrane strips. These strips were processed as described above. The quantitations are given as mean Ϯ SD. * , P Ͻ 0.005.
These findings suggest that, unlike AD P-tau, PHF formed in AD brain or polymerized in vitro from AD P-tau is not inhibitory to the polymerization of tubulin into microtubules.
To evaluate the effect of AD P-tau and PHF on the regeneration of microtubule network from a cell, we incubated Triton X-100-extracted 3T3 cells in which the endogenous microtubules had been depolymerized by nocodazole with rat brain cytosol without or with recombinant tau, AD P-tau, or PHF in the presence of 1 mM GTP (Fig. 3) . Bundles of microtubules were formed from the cell microtubule-organizing centers when treated with brain cytosol without any addition or with addition of tau or PHF (Fig. 3) . We found that only the unpolymerized P-tau inhibited the regeneration of microtubules (Fig. 3) . This finding suggests that, even in the presence of endogenous MAPs, only the soluble P-tau disrupts the regeneration of microtubules.
Polymerization of in Vitro Hyperphosphorylated N-Tau into Filaments
Inhibits Its Binding to N-Tau. To investigate the effect of polymerization further, we studied the binding of in vitro hyperphosphorylated polymerized or unpolymerized N-tau to N-tau. We have shown (17, 19, 20) that in vitro hyperphosphorylation of tau with brain kinases results in a hyperphosphorylated protein that self-assembles, binds N-tau, and inhibits microtubule assembly. N-tau was in vitro hyperphosphorylated, as described in ref. 19 . Under these phosphorylation conditions, Ϸ12 mol of phosphate per mole of tau are incorporated, tau self-assembles, and Ϸ50% of the protein becomes insoluble (20) . Unlike PHFs isolated from AD brain, tau filaments formed in vitro upon hyperphosphorylation can be disrupted by dilution and sonication. The sample was diluted 10 times in 100 mM Mes buffer (pH 6.7) containing 1 mM EGTA and 1 mM MgCl 2 , and the filaments were probe sonicated (speed, 6; 50% pulse; Branson) for 1 min. The sonicated P-tau was centrifuged at 55,000 ϫ g for 20 min. The supernatant containing the soluble protein was saved to be used for the binding assays. The amount of tau recovered in the supernatant was very similar to the starting amount ( Fig. 1D ), suggesting that most of the tau filaments became soluble with this treatment. The P-tau before (mixture of filaments and soluble tau) and after (soluble tau) ultrasonication and centrifugation were dotted in triplicates on nitrocellulose membrane strips. These strips were processed as described above to determine the binding of P-tau to N-tau. The strip overlaid with BSA was negative with Tau-1 ( Fig. 1D ) because P-tau is phosphorylated at Tau-1 epitope. Sonication of the P-tau was able to disrupt the filaments that formed because almost all tau was recovered in the supernatant (Fig. 1D , total tau). The quantitations of the binding are shown in Fig. 1D Lower. The binding of N-tau to P-tau was increased Ϸ2.5-fold upon sonication. Together, these results suggest that that P-tau loses its ability to bind N-tau upon polymerization.
AD P-Tau upon Self-Assembly into PHF Loses Its Ability to Bind N-Tau.
To investigate whether the self-assembly of P-tau into filaments inhibits its binding to N-tau, we examined the binding of N-tau to AD P-tau before and after its self-assembly into PHF. AD P-tau self-assembly was induced in vitro, as described in ref. 17 . Aliquots were taken from the incubation mixture before the incubation, after 1 h of incubation, and after 2 h of incubation, and they were dotted onto nitrocellulose paper (200 ng of tau per dot). The self-assembly of AD P-tau was confirmed by negative-stain electron microscopy, as described in ref. 14. The nitrocellulose strips were overlaid with 5 g͞ml N-tau and processed as described above to analyze tau binding to AD P-tau. N-tau was bound to AD P-tau when the AD P-tau was dotted unpolymerized (Fig. 4 A) . The AD P-tau preparation did not have any filaments before inducing its self-assembly (Fig. 4B ). When AD P-tau had self-assembled into tangles of PHF, as confirmed by electron microscopy (Fig. 4C) , the binding of N-tau was decreased to Ͻ20% of the binding to the unpolymerized AD P-tau (Fig. 4A) , although the amount of P-tau per dot was the same (Fig. 4A Inset) . These findings show that, upon polymerization, AD P-tau loses its ability to sequester N-tau.
Discussion
Several neurodegenerative diseases share the characteristic of intracellular and͞or extracellular inclusions of protein deposits in the brain as disease hallmarks. It appears as a common feature that the misfolding of certain proteins and their deposits as filaments is tightly associated. Deposits of A␤ as plaques and P-tau as tangles are associated with AD. Also detected in the brain are deposits of tau fibrils in different tauopathies or of mutated tau protein in Fig. 2 . Effect of AD P-tau and PHF on microtubule assembly. Inhibition of microtubule assembly was studied as described in Materials and Methods. The assembly reaction was carried out by using 2 mg͞ml tubulin mixed with 0.1 mg͞ml N-tau alone (curve 1), with 0.2 mg͞ml AD P-tau (curve 2), with 0.2 mg͞ml self-assembled AD P-tau (curve 3), or 0.2 mg͞ml PHF (curve 4). Tubulin without any addition was incubated as a control (curve 5). AD P-tau inhibited the microtubule-assembly-promoting activity of N-tau (compare curves 1 and 2), whereas PHF did not show any significant effect (compare curves 1 and 4 as well as 1 and 3, respectively). Fig. 3 . AD P-tau but not PHF inhibits regeneration of microtubules from 3T3 cells. The extracted cells were incubated with 15% fresh rat brain cytosol in buffer containing 1 mM GTP for 1 h at 37°C, as described in Materials and Methods. Cells were processed for immunofluorescence staining by using DM1-A Ab against tubulin (green) and 134d rabbit polyclonal Ab against tau (red). Only AD P-tau could inhibit microtubule assembly.
certain frontotemporal dementias, ␣-synuclein in Parkinson disease, huntingtin with expanded polyglutamine tracts in Huntington's disease, and prion protein with altered conformations in Creutzfeld-Jacob disease (23) (24) (25) (26) (27) . It is debated whether the aggregates per se are a cause of neurodegeneration in these diseases, despite the fact that some of these lesions (such as amyloid-␤ plaques) do not correlate with the severity of the disease. Recently, it has been shown that the formation of inclusion bodies, in the case of Huntington disease, reduces the level of mutant huntingtin and the risk of neuronal death (28) . This study shows that polymerization of P-tau into filaments (i.e., PHF͞tangles) makes it inert, which, unlike the nonpolymerized AD P-tau, does not bind N-tau and inhibit the microtubule assembly. These findings suggest that inhibition of the hyperphosphorylation of tau rather than its polymerization into PHF͞tangles might be promising for therapies for AD and related tauopathies.
Tau promotes the assembly and stabilizes microtubules (29) . Tau has been shown to be abnormally hyperphosphorylated in AD and is present in the hyperphosphorylated state in PHF͞neurofibrillary tangles (1, 11, (30) (31) (32) . Microtubules support axoplasmic transport, and, in the tangle-bearing neurons of patients with AD, the microtubule system is disrupted and replaced by PHFs. Microtubules are polymers of tubulin, and it is well known that the degree of tubulin polymerization in a cell has critical consequences on the fate of the cell. Agents that either stabilize or disrupt microtubules can induce apoptosis in many cell types, especially in the neurons, in which the processes are long and the structure and transport are supported by microtubules. Therefore, the presence of P-tau that disrupts microtubules constitutes a threat to the stability of the neurons. Whether tau is a toxic entity for the cells in its polymerized form is a subject of debate. SantaCruz et al. (33) , using transgenic mice expressing inducible human four-repeat tau with the P301L mutation, found that the cognitive deficiencies correlate with the appearance of soluble P-tau. Also, they found that, when tau expression was turned off, there was no clearance of the polymerized tau, soluble tau decreased, and there was improvement in cognition, suggesting that the polymerized tau was not sufficient to cause cognitive decline or neuronal cell death. Andorfer et al. (34) showed that, in human tau transgenic mice, although there was widespread neurodegeneration, the PHF-containing neurons seemed ''healthy'' in terms of nuclear morphology, suggesting that the polymerized protein was probably neuroprotective. A similar conclusion was implied by a morphometric study of brain biopsy specimens from AD and control cases, which found that the decrease in microtubule density was unrelated to PHF accumulation (35) . More recently, Khlistunova et al. (36) showed that aggregates of a fragment of tau in cells are toxic and that inhibition of the aggregation decreased toxicity. However, this last study (36) was done with only a fragment of tau, which can behave completely different from the whole molecule, as used in the previous studies.
The portion of tau molecule involved in tau-tau interaction seems to be the microtubule-binding domain (17, 19, (37) (38) (39) and of hydrophobic nature (15, 18) . The involvement of this tau region in the interaction is suggested because the interaction improves when the second microtubule-binding domain (i.e., four-repeat tau) is present (17) . However, tau that lacks the N-terminal region of the molecule does not bind AD P-tau. This result could mean that the N-terminal region is involved in the binding, that the conformation of tau induced by the presence of the N-terminal region is needed for the interaction, or that the fragment that lacks the N-terminal region is involved in a homologous interaction (17, 39) . For tau self-assembly, the flanking regions of the microtubule-binding domain are inhibitory of the tau-tau interaction, and phosphorylation neutralizes these inhibitory regions or induces a change of conformation that exposes the region of tau involved in the interaction. The tau conformation involved in its sequestration needs Ϸ4 mol of phosphate per 1 mol of the protein, whereas tau self-assembly is achieved at Ϸ10 mol of phosphate per 1 mol of tau (20) . The primary sequence of tau influences its conformation and the exposure of its interaction site(s); the presence of the Nterminal inserts, which are highly acidic, and the extra microtubulebinding domain favor both self-assembly and the binding of N-tau to AD P-tau. However, fetal tau (which lacks both the N-terminal inserts and the extra microtubule-binding domain) is sequestered by AD P-tau and self-assembles into filaments (17, 19) . The Nterminal region flanking the microtubule-binding domain is required for the tau-tau binding, probably because the conformation of tau without the N-terminal half is unable to bind tau. The change induced in tau by phosphorylation that confers this protein the ability to bind N-tau is not just a charge effect because, when AD P-tau self-assembles, even though the charge does not change, the ability to bind N-tau and inhibit microtubule assembly is lost.
We have shown that the affinity of N-tau for N-tau is minimal (14-16, 19, 20) . The affinity of N-tau to AD P-tau cannot be determined because the binding of N-tau to AD P-tau is nonsaturable (15) . We previously showed that, when 0.7 mg͞ml N-tau was mixed with 0.08 mg͞ml AD P-tau, Ϸ50% N-tau cosedimented with AD P-tau, whereas the sedimentation of 0.08 mg͞ml AD P-tau alone was undetectable. These results suggest that the binding of N-tau to AD P-tau is higher than that of AD P-tau to AD P-tau. We can speculate that the neurofibrillary degeneration is initiated with a small fraction of N-tau that is converted into AD P-tau due to a phosphorylation imbalance. Under this condition of high N-tau͞AD P-tau ratio, the latter preferably binds N-tau. As the disease progresses and the concentration of AD P-tau increases, AD P-tau probably binds AD P-tau, forming the filaments.
We postulate that abnormal hyperphosphorylation of tau is a key event in neurodegeneration. We showed (14-16, 22) that, unlike Fig. 4 . Effect of AD P-tau self-assembly on its binding to N-tau. Self-assembly of AD P-tau was induced as described in Materials and Methods. At 0, 60, and 120 min of its self-assembly, aliquots were both examined by negative stained electron microscopy and spotted on nitrocellulose membrane, and overlaid with 5 g͞ml 4L to determine the binding of N-tau, as described in Fig. 1B . At time 0 min, AD P-tau was nonfibrillized (B), and, after 120 min, bundles of PHF (C) could be detected by electron microscopy. The nonfibrillized AD P-tau bound N-tau and the amount of tau bound decreased with the degree of AD P-tau polymerization (A). (Inset) Nitrocellulose membrane spotted with AD P-tau at different time periods of incubation during the polymerization reaction, then overlaid with nothing, BSA, or N-tau and developed with Tau-1 or Abs against total tau. N-tau, AD P-tau does not promote but instead inhibits in vitro microtubule assembly by sequestering normal MAPs and that this toxic behavior is due solely to abnormal hyperphosphorylation, because in vitro dephosphorylation converts AD P-tau into a normal-like protein. Also, hyperphosphorylation promotes selfassembly of tau into tangles of PHF͞SF (17) . These in vitro findings were corroborated recently (40) in cell culture in which treatment with okadaic acid induced thioflavin-S-positive P-tau aggregates. Thus, it is possible that, in AD (probably because of a decrease in phosphatase activity; ref. 41 ) and FTDP-17 (probably because of mutation), tau becomes a more favorable substrate for kinases (20) . The resulting P-tau sequesters N-tau, disrupts the microtubule system, and self-assembles into tangles of filaments. These findings led us to propose a mechanism of tau toxicity in which mainly the cytosolic form of P-tau disrupts microtubule network whereas, on polymerization into PHF, this inhibitory activity is lost (Fig. 5) . PHF that is accumulated in the cell body, although initially neuroprotective, might become deleterious when this space-occupying lesion in the neuron compromises its normal function. When we compared the inhibition of microtubule assembly, only AD P-tau, and not PHF or filaments assembled from AD P-tau, were able to inhibit the assembly of tubulin into microtubules promoted by N-tau. We postulate that this inhibitory property is due to the ability of AD P-tau to bind N-tau. Supporting our hypothesis, PHF was unable to bind N-tau. Upon polymerization, AD P-tau lost its ability to bind N-tau. Like AD P-tau, the recombinant N-tau could bind N-tau only when hyperphosphorylated but soluble; dissociation of tau filaments into soluble protein restored its ability to bind N-tau. Together, these results strongly suggest that the cytosolic nonfibrillized form of P-tau is inhibitory to the cytoskeleton. Consistent with our findings, the generation of cytosolic P-tau in the absence of any tau filaments was found to be associated with neurodegeneration in Drosophila (42).
Materials and Methods
Materials. Nocadazole, benzyl alcohol, benzyl benzoate, and sodium borohydride were purchased from ICN. All other reagents that were used in this study were purchased from Sigma, unless indicated otherwise. The Wistar rats were purchased from Charles River Laboratories. The following primary Abs were used: DM1A mouse mAb to ␣-tubulin (1:2,000; Sigma); rabbit polyclonal Ab 134d to total tau (1:5,000); mAb against tau not phosphorylated at Tau-1 (1:50,000); Alexa Fluor 488-conjugated goat anti-mouse Ab and Alexa Fluor 594-conjugated goat anti-rabbit or rat Ab (1:1,000; Molecular Probes).
Isolation of Recombinant Human Brain Largest Tau Isoform (N-Tau),
AD P-Tau, and PHF. The prokaryotic expression vector pRK172 bearing tau 441 was kindly provided by Michel Goedert (Molecular Biology Unit, Medical Research Council, Cambridge, U.K.). The construct was subcloned, and recombinant tau was purified as described in ref. 43 , except that the perchloric acid extraction was avoided. The phosphocellulose-purified tau was purified further by Sephacryl S-300 gel filtration at 4°C. AD P-tau was purified from the cytosol of frozen AD brains (obtained within 6 h postmortem) by phosphocellulose chromatography (13) .
PHFs were isolated by dissociation and sieving of the tissue through nylon mesh and by glucose density-gradient centrifugation (44) . The isolated PHF͞neurofibrillary tangles were probesonicated (speed, 4; 50% pulse; Branson) for 15 min. The sonicated PHFs were dialyzed against 50 mM Tris buffer (pH 7). The samples were stored at Ϫ80°C until used. To avoid contamination with unpolymerized P-tau, before use, the PHF fraction was overlaid on a 1 M sucrose solution and centrifuged at 30,000 ϫ g for 15 min at 4°C. The supernatant was discarded, and the pellet was resuspended at 1 mg͞ml in 100 mM Mes buffer (pH 6.7) containing 1 mM EGTA and 1 mM MgCl 2 .
In Vitro Hyperphosphorylation and Assembly of Recombinant Human Brain Tau441 into PHF͞SF and then Its Dissociation into the Soluble
Protein. Recombinant human brain tau 441 was hyperphosphorylated by using 100,000 ϫ g brain extract from a 20-day-old rat as the source of protein kinases as described in refs. 17, 19 , and 20. The reaction was carried out at 35°C in 60 mM Hepes (pH 7.4), 8 mM MgCl 2 , 5 mM EGTA, 2 mM ATP, 2 mM DTT, 20 nM calyculin A, 1 mM 4-(2-aminoethylamino)-benzenesulfonyl fluoride (AEBSF, a Ser protease inhibitor), and from 0.1-0.5 mg͞ml tau protein and 0.25-0.5 mg͞ml brain extract. The brain extract was prepared fresh before the phosphorylation reaction. After 2 and 8 h of incubation, NaF (17 mM) and ATP (2 mM), respectively, were added. After 24 h incubation, Ϸ12 mol of phosphate are incorporated per 1 mol of tau, the protein self-assembles into tangles of PHF͞SF, and Ϸ50% of the hyperphosphorylated protein becomes insoluble (17, (19) (20) . The reaction was terminated by diluting the protein 10 times in 100 mM Mes buffer (pH 6.7) containing 1 mM EGTA and 1 mM MgCl 2 , and the filaments were sonicated by probe sonication (speed, 6; 50% pulse; Branson) for 1 min. The sonicated P-tau was centrifuged at 55,000 ϫ g for 20 min. The supernatant containing the soluble protein was used for assaying its binding to N-tau.
Self-Assembly of Tau into Filaments. The self-assembly of AD P-tau was carried out by incubating 0.4 mg͞ml protein in 100 mM Mes buffer (pH 6.9) containing 2 mM EGTA, 0.5 mM MgCl 2 , 1 mM AEBSF, 2 mM DTT, 20 nM calyculin A, and 17 mM NaF. After incubation for 120 min at 35°C, 10 l of the incubated sample was applied on a 300 mesh carbon-coated grid and negatively stained with 2% phosphotungstic acid, as described in refs. 14 and 45.
Binding of N-Tau to P-Tau. The binding of N-tau to P-tau was studied by a dot-overlay assay (14, 46) . For the dot-overlay assay, AD P-tau or PHFs (10-100 ng of tau) were spotted on nitrocellulose, which was blocked with 5% fat-free dry milk in 100 mM Mes buffer (pH 6.7) for 1 h. After blocking, the membrane was overlaid with N-tau (5 g͞ml) for 3 h. The membrane was then washed and fixed with 0.5% formaldehyde; the aldehyde groups were neutralized with 9% glycine in 50 mM Tris buffer (pH 7.4), containing 150 mM NaCl (TBS); and the tau bound was detected with Tau-1 Ab (47). This Ab recognizes tau when it is unphosphorylated at 48) . Samples in which overlay with N-tau was substituted with BSA were used to deduct any background binding of Tau-1 to AD P-tau or PHF. A third strip of the membrane was used to detect total tau with a mixture of phosphoindependent polyclonal Abs against tau: 134d (49), 111e (50) , and 92e (51) to normalize the data. Two other strips were spotted with N-tau and overlaid with BSA or N-tau to detect unspecific binding and detected with Tau-1 Ab. N-tau was unable to bind N-tau. Western Blot Analysis and Protein and Tau Assays. Protein concentration was estimated by the modified Lowry's method, as described by Bensadoun and Weinstein (52) . Sample preparation and immunoblots were carried out as described in ref. 30 . The levels of AD P-tau and PHF were determined by the radioimmuno-slot-blot method of Khatoon et al. (53) by using the following mixture of polyclonal Abs against total tau: 134d, 92e, and 111e.
Inhibition of Microtubule Assembly. N-Tau (0.1 mg͞ml) was mixed at 4°C with purified bovine brain MAP-free tubulin (2 mg͞ml) and 1 mM GTP, all in polymerization buffer (100 mM Mes, pH 6.7͞1 mM EGTA͞1 mM MgCl 2 ) in a final volume of 60 l. After rapid mixing, the samples were pipetted into quartz microcuvettes and equilibrated at 37°C in a thermostatically controlled Cary 1 recording spectrophotometer. The turbidity of the reaction mixture was continuously monitored at 350 nm. For the inhibition experiments, N-tau was mixed with 0.2 mg͞ml AD P-tau (soluble or previously incubated to induce AD P-tau self-assembly into filaments) or PHF before incubating with tubulin. The products of the assembly reaction were viewed by negative-stain electron microscopy, as described in refs. 14 and 45.
Regeneration of Microtubule Network from Cultured Cells. Mouse 3T3 cells were cultured on poly-D-lysine-coated eight-well culture slides and extracted with 0.2% Triton X-100, followed by 10 M nocodazole to destroy endogenous microtubules, as described in ref. 54 . The extracted cells were then incubated with 15% freshly prepared rat brain cytosol containing 1 mM GTP without or with 100 g͞ml tau alone or previously mixed with 0.2 mg͞ml AD P-tau or PHF for 1 h at 37°C. Cells were then fixed with 0.3% glutaraldehyde͞0.5% Nonidet P-40 for 10 min (55) and double-labeled with DM1A mAb to ␣-tubulin and rabbit Ab 134d to tau. Bound Abs were detected with a mixture of Alexa Fluor 488-conjugated goat anti-mouse IgG and Alexa Fluor 594-conjugated goat anti-rabbit IgG. The slides were mounted in antifade reagent (Molecular Probes) and examined with an Eclipse E800 epifluorescent microscope (Nikon). Images were captured and processed with a PCM 2000 confocal system (Nikon).
